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A technique for quantifying the midsagittal size and shape of the corpus callosum (CC) from magnetic resonance
brain scans is presented. The technique utilizes the distances to the ventral and dorsal boundaries of small sectors of
the CC from a reference point to compute the size and shape parameters of the CC and its subdivisions. Intrarater
and interrater interclass correlation coefficients for the area measurements ranged from 0.88 to 0.99. Correlations
between these automated measures and those obtained by pixel counting were equally high. The corpus callosa of
104 (57 male and 47 female) right-handed healthy children and adolescents, ages 4—18, were examined in relation to
age and sex. Corpus callosum growth was most striking for the splenium and isthmus with some changes in the
midbody regions. The area and perimeter of these regions increased, shapes became more compact, and the
boundaries became more regular with age. The length and curvature at the anterior and posterior regions of the CC
increased more rapidly in males than in females. These significant and consistent results indicate that the method is
reliable and sensitive to developmental changes of the CC.
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1. INTRODUCTION

The corpus callosum (CC) is the largest interhemispheric
commissure in the human brain. It consists of approximately 200
million interhemispheric fibers [1,2], most of which connect
homologous regions of the cerebral cortex [3,4]. Although each
hemisphere can perceive, think and emote separately and simulta-
neously [5,6], interhemispheric connections are crucial for many
forms of unified motor, sensory and cognitive performance [7-9].
As the interhemispheric fibers generally connect homologous
cortical regions via the shortest route, the CC maintains a roughly
homotopic pattern with fibers connecting frontal and motor re-
gions traversing through anterior sections and those connecting
parietal and occipital regions traversing through the posterior
sections.

Corpus callosum morphology has been studied in relation to
gender [10-24], psychiatric diagnosis [25-42], age [14—16,43~
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48], handedness [9,10,22,23,49,50] and brain symmetry patterns
[11,13,51,52]. Although there is preliminary evidence that the CC
may carry a different number of fibers in males and females and
in dextrals as opposed to sinistrals, controversies exist among the
findings related to CC shape and size. The inconsistency of the
findings may be related to methodological differences, different
sample sizes, difficulty in quantifying the complex shape of the
CC, and individual variability of the CC morphology. For these
reasons, methodological issues and sample characteristics play an
important role in the examination of CC morphology.

Magnetic resonance (MR) imaging provides the most resolute
images of the CC compared with the other imaging modalities
[53]. The CC is clearly delineated on the midsagittal plane of MR
brain images and can be outlined manually or using a simple
thresholding technique. There are no anatomical landmarks in the
midsagittal view of the CC to define corresponding areas of the
cortex from which the fibers originate. Attempts to subdivide the
CC are often based on the length of a line connecting its most
anterior (ACC) and posterior (PCC) points. A scheme of regional
divisions depicting the origins of the fibers through the CC,
proposed by Witelson [10], is shown in Fig. 1. Another scheme
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Fig. 1. Regional subdivisions of the corpus callosum, adapted from
Witelson et al. (1989). Subregions : (1) rostrum, (2) genu, (3) rostral
body, (4) anterior midbody. (5) posterior midbody, (6) isthmus, (7)
splenium.

based on five equal divisions of ACC-PCC length and radial lines
from the midpoint of ACC-PCC line [30,51] is shown in Fig. 2.
A major drawback of the latter division scheme, however, is its
inability to demarcate the anterior part of the CC as the rostrum,
genu and rostral body. A statistical scheme of regional subdivi-
sions was recently proposed using factor analysis of the CC
percentile widths [16,54—-56], but the question remains open as to
whether the mathematical solution is 1somorphic with anatomical
projections.

Fourier analysis [57-59], hidden Markov models [60], and
calculation of moments [61] have been proposed for analysis,
quantification and comparison of closed shapes. But when the
shape is complex, the number of harmonics or coefficients repre-
senting the shape in these methods become large and differences
become minute. Therefore, the above techniques have not been
used for the shape analysis of the CC except for one study where
a Fourier technique was applied to analyze the most anterior and
posterior regions of the CC [62]. In quantifying CC morphology,
a representation generating a number of parameters related to
different aspects of its shape seems more practical. To character-
ize the shape of the CC, its length, width, and height [16,47,55]
and some specific angles subtended on fixed anatomical land-
marks [28,42] have been measured. These measurements render
global information on CC but do not provide region specific
variations in CC morphology. Because of the heterogeneous
nature of the CC, a technique to quantify the size and shape of
different regions may be useful in identifying subtle differences
in CC morphology among different individuals.

Clinical researchers have been interested in investigating the
shape of the CC since early reports of developmental changes,
and sexual dimorphism in the shape of the splenium [15,18]. A
recent study found more slender corpus callosa in female than in

Fig. 2. Tllustration of five regional subdivisions of the corpus callosum
based on equal divisions of ACC-PCC line and radial lines from a
reference point G.

male [24]. Moreover, different callosal shapes have been ob-
served for various neuropsychiatric disorders [29,42,47,62].
Fourier analysis suggested different shapes between normal and
schizophrenic cotwins in the second harmonic of the anterior and
middle segments of the CC [62]. A significant increase in mean
callosal thickness was found in middle and anterior parts of the
CC in schizophrenics [29].

The purpose of this report is to present an automated tech-
nique to quantify both the size and shape of the CC and its
subdivisions. Witelson’s scheme of subdivisions was chosen
because the divisions have been used for human CC studies
involving a priori hypotheses linking certain segments to particu-
lar cortical regions. In addition to quantifying size, the present
technique calculates eight parameters related to shape. This report
describes the methodology, defines the shape parameters, and
relates the technique to other existing methods.

A second objective of this paper is the application of this
method to MR brain scans from a large pediatric sample col-
lected in our laboratory. This technique has already been applied
to a subset of this population to measure the regional areas and
posterior regional CC growth from 4 to 18 years [48]. The present
report extends the study to examine shape parameters with
respect to age and sex since regional shape measurements of the
CC have not earlier been considered in any development study.
Because our normative sample did not have enough non-right-
handed subjects for meaningful statistical analysis, only right-
handed subjects were included in the study.

2. SUBJECTS AND METHODS
2.1. Subject selection

Healthy children and adolescents from ages 4 to 18 were
recruited from the community. The details of subject screening
which included physical and neurological examination, psycho-
logical testing, and medical and psychiatric history are presented
elsewhere [63]. One hundred four (57 male and 47 female)
right-handed healthy subjects were selected for this study. The
scans of all subjects were read as normal by a clinical neuroradi-
ologist at the NIH Clinical Center. Handedness of subjects was
determined by the 12 handedness items from Physical and Neuro-
logical Examination for Subtle Signs (PANESS) inventory [64].
Subjects indicating a right-hand dominance on 11 or more out of
12 items were designated as right-handed.

2.2. Image acquisition

All subjects were scanned on a General Electric 1.5 Tesla MR
imaging scanner. A 3-D spoiled gradient recalled echo sequence
in the steady state (3D SPGR) was used (TE =5 ms, TR = 25
ms, flip angle = 45°, acquisition matrix = 192 X 256, number of
repetitions = 1, field of view = 24 cm) to generate 124 1.5-mm
thick contiguous axial slices.

2.3. Image processing

The 16-bit images were converted to 8-bit images to facilitate
computer processing and transferred to a Macintosh computer
workstation to be analyzed with NIH Image [65]. A midsagittal
plane image was generated from 3-D axial data set by drawing a
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line on a selected axial slice to bisect the cerebral hemispheres
and reconstructed using the Reslice function in NIH Image. The
midsagittal plane was magnified nine times and verified by the
patency of the cerebral aqueduct, the presence of the septum
pellucidum and a distinct thalamus. A local elliptical region
enclosing the CC was thresholded in an operator supervised
manner to isolate the structure. Ventral areas where thresholded
structure came in contact with the fornix or septum pellucidum
were manually edited to extract the CC. The X-Y coordinates of
the CC boundary were saved and transferred to a Unix worksta-
tion for the use with the shape program. Total cerebral volume
was also determined from 3-D axial data set using a previously
described method [63].

2.4. Shape and size measurements

Before regional measurements were determined, ACC and
PCC points of the CC were estimated and the outline was rotated
until ACC-PCC line became horizontal. This was done iteratively
while verifying the ACC and PCC points with each new orienta-
tion of the CC. The midpoint G of the ACC-PCC line was
considered as the reference point for the rest of the analysis (see
Fig. 3). The angle subtended by the CC on G was divided into N
equal angles by N + 1 radial lines drawn from G partitioning the
CC into N regional sectors. A sector represents a region of CC
delimited by two adjacent radial lines.

The average distances to the ventral and dorsal boundaries of
the sectors from the reference point were measured. A representa-
tive sector PQSR in region R is shown in Fig. 4 where r; and r,
are the average distances from G to the ventral and dorsal
boundaries of the sector, respectively. The following set of
summations {S,, S,, S;} of distances were computed over all the
sectors in the region R in order to measure the area and shape
parameters:
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With the above summations, the following parameters were
computed for every regional subdivision of the CC: (1) area:
midsagittal surface area of the region; (2) perimeter: total length
along the boundary of the region; (3) compactness: ratio of the
area to the perimeter of the region; (4) distance to the center of

Medin line

Fig. 3. Tllustration of reference point G as the midpoint of ACC-PCC line.
The median line is obtained by connecting the midpoints of correspond-
ing points on the ventral and dorsal boundaries.

-Region "R"
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Fig. 4. Measurements of area and shape parameters of region R using
smaller regional sectors ; PQSR denotes a representative sector in the

region and r; and r, are the average distances from G to PQ and RS
boundary segments, respectively.

gravity (CG): distance from the reference point G to the center of
the gravity of the region; (5) width: average length of the
distances between corresponding dorsal and ventral boundary
points of sectors that comprise the region; (6) maximum width:
maximum length of the lines connecting the corresponding dorsal
and ventral points of the region; (7) median line length: length of
the line connecting the mid points of the lines between the
corresponding dorsal and ventral points; (8) thickness: ratio of
the area to the median line length of the region; and (9) slender-
ness: ratio of the median line length to the thickness of the
region.

The values of the above parameters were computed using the
equations derived in the Appendix. In the derivations, it was
assumed that the dorsal and ventral boundaries of the sectors
were portions of arcs with fixed radii. This assumption is valid
only if the lengths of the ventral and dorsal boundaries of the
sectors are small, and the distances to the boundary points from
the reference point do not deviate significantly within a sector.
To achieve this, the CC was partitioned into a large number of
sectors and the averages of the lengths to the boundary points
from the reference point were used as distances to the ventral and
dorsal boundaries. The smallest possible size of the sector is
determined by the resolution of the images and limited by the
pixel dimensions. In this report, we used N = 100 because it
yielded acceptable results and was easy to compare the results
with the work of others [54—-56].

Parameters of the CC were computed using all the sectors. In
addition to the above parameters, the length and height of the
CC, defined to be the distances between the ACC and PCC points
and between G and the dorsal boundary point directly above the
reference point, respectively (see Fig. 3), were measured.

The shape program, which was written in C language, is
available upon request.

3. RESULTS
3.1. Reliability

Because the measurement of parameters from the CC outline
is fully automated, the reliability of the technique depends on the
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Table 1 Interrater and intrarater interclass correlation coefficients
(ICC’s) for parameters of the corpus callosum computed over 20 subjects

Measurement Intrarater reliability Interrater reliability
Area 0.99 0.99
Perimeter 0.99 0.98
Compactness 0.96 0.98
Length 0.99 0.99
Width 0.95 0.88
Height 0.95 0.92
Median line length 0.98 0.96

process of selecting the midsagittal plane and extracting the CC
outline thereof. The CC outlines of 20 subjects were obtained
twice by the same operator, and the parameters of the CC were
evaluated to determine the intrarater reliabilities. The same 20
subjects were used by another independent rater to extract the
outlines to obtain the CC parameters to determine interrater
reliabilities.

The intrarater and interrater interclass correlation coefficients
(ICC’s) [66] computed for the parameters of the CC are shown in
the Table 1. Since the intrarater [CC’s were high, all CC traces in
our data base of 410 MRI brain scans were extracted by the same
rater (A.C.V.), who was blind to the subject characteristics.

3.2. Comparison of area with pixel counts

With digitization of the images, the boundaries of the CC
follow the edges of the quadratic pixels, and therefore, are not
smooth curves. Due to their finite size, the pixels at the bound-
aries may contain other tissues in addition to those belong to the
CC. Also some such pixels may not be included in the area of the
CC. This introduces partial volume effects resulting in errors in
area measurements based on pixel counting and in shape mea-
surements based on boundary lengths. As seen in the Fig. 1,
when the images are enlarged, this artifact is further intensified
and the boundaries of the CC take a stepwise pattern.

The present method assumes that the CC is a natural structure
having smooth boundaries and approximates the ventral and
dorsal boundaries of the sectors with arcs in the derivation of
area and shape parameters (Appendix). This partially accounts for
partial volume effects at the boundaries and errors due to the
digitization effects along boundary lengths. Area measures ob-
tained by the present method were compared with those obtained
by pixel counting in Table 2, and their correlations were high. In

Table 2 Comparison of corpus callosum area measurements with pixel
counting technique based on measurements of 104 healthy children and
adolescents

Region (areas) Correlation coefficients ~ RMS difference (%)

Rostrum 0.96 77
Genu 0.97 2.3
Rostral body 0.99 0.7
Anterior midbody 0.97 1.8
Posterior midbody 0.97 2.7
Isthmus 0.99 0.7
Splenium 0.99 1.1
Corpus callosum 0.99 0.1

The differences are given in root mean square (RMS) values.

Fig. 5. a: 100 regional sectors obtained by equally dividing the angle
subtended by the corpus callosum on the reference point G; b: regional
sectors obtained by connecting 100 equally spaced points on ventral and
dorsal boundaries.

the rostrum, the smallest of the subdivisions, area measurements
derived from pixel counting method were slightly larger than the
area measurements derived using our method.

3.3. Comparison with other methods using line seg-
ments

The present method utilizes the average distances to the dorsal
and ventral boundaries of the sectors of the CC to compute
regional size and shape parameters. Clarke et al. [24] used the
same midline generated by these sectors but made use of line
segments passing through 29 equally spaced points on the mid-
line to derive a bulbosity index for the posterior regions of the
CC. Denenberg et al. [16,53,56] subdivided the CC into 99
sectors using 100 line segments connecting equally spaced corre-
sponding points on dorsal and ventral boundaries. To divide the
CC boundaries into dorsal and ventral portions, the tips of the
rostrum and splenium were selected so as to minimize the sum of
the lengths of the line segments. The line segments were then
clustered using factor analysis and parsed the CC into seven
statistically different regions [55,56].

The line segments produced by radial lines through the center
of gravities of the sectors generated by the present method and by
the scheme adopted by Denenberg et al. [55,56] on a CC are
shown in Fig. 5a and Fig. 5b, respectively. Averages of these
lengths over our sample are plotted in Fig. 6 starting with line
indexes from the tip of the rostrum. The lengths of line segments
of the two schemes disagree at the most anterior and posterior
portions of the CC. A major advantage of using line segments
based on divisions of ventral and dorsal boundaries is the inde-
pendence of the measurements to the orientation and curvature of
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Fig. 6. Comparison of lengths of 100 line segments obtained by radial
lines drawn from a reference point and by connecting equally spaced
dorsal and ventral boundary points; @, lines generated by radial lines
from a reference point; 4, lines connecting equally spaced dorsal and
ventral boundary points. Average lengths were computed over the out-
lines of corpus callosa of 104 healthy children and adolescents,

the CC. However, due to the digitization effects and noise at the
boundaries, the line segments generated using boundary points
may not partition the median line uniformly and produce uniform
sectors.

3.4. Pediatric MR images

Size and shape parameters of the CC’s were acquired for 104
right-handed healthy children and adolescents (57 male and 47
female). The mean and standard deviation of parameters for the
CC parameters are presented in Table 3. Area measurements of
the subregions have been reported elsewhere [63].

Linear regression analyses were performed for the parameters
in relation to age for males and females separately. The results
for the CC and its subregions are shown in the Tables 4 and 5,
respectively. Gender differences were analyzed using ANOVA
and then ANCOVA with the total cerebral volume to adjust for
the approximately 9% larger total cerebral volume in males [63].

As seen in Table 4, all of the CC parameters, except for
slenderness and height for males, increased significantly (P <

0.05) with age in both sexes. Increased compactness indicates
that the boundary of the CC becomes more regular and less
complex with age. The CC elongates in the ACC-PCC direction
from ages 4 to 18, while increases in thickness and width of the
CC demonstrate its growth in lateral directions. ANOVA analy-
ses indicated that the ACC-PCC length of the CC increased more
rapidly in males than in females. But, when the length of the CC
was adjusted for cerebral volume by ANCOVA analyses, this
gender difference disappeared.

As reported in [48] and seen in the Table 5, areas of the
posterior and midbody regions increased significantly (P < 0.05)
in both males and females from ages 4 to 18. There was a trend
for an increase in the rostral body area in males. The greatest
enlargement of area was seen in the splenium with 5.93 mm?/year
for males and 4.72 mm?/year increase for females. There were
no gender differences in rates of increase in areas in any of the
subregions of the CC.

Distances from the reference point to the center of gravities of
the subregions, except at the midbody regions, increased signifi-
cantly in both sexes indicating changes in the curvature of the
midline at the anterior and posterior regions of the CC with age.
The rates of changes of the distances to the anterior and posterior
regions from the reference point were significantly different
(P < 0.05) between males and females in an ANOVA analysis.
However, this difference was not significant when corrected for
cerebral volume in ANCOVA analysis.

Like the areas, the perimeter of the posterior regions and
midbody regions significantly increased (P < 0.001) with age,
except at the isthmus for males. The compactness of the sple-
nium, isthmus and posterior midbody increased with age (P <
0.05) for both sexes, the anterior midbody increased in females
(P < 0.01) and the rostral body increased in males (P = 0.004).
There were no significant differences in rates of changes of the
compactness in any of the regions between males and females.

Both the average width and maximum width were measured
in all subregions. Maximum width measures ‘bulbosity’ of the
region, whereas the average width measures ‘wideness’ lateral to
the median line of the region. Both widths of the splenium and
isthmus increased significantly in both sexes (P < 0.05) with
respect to age. Further, in females, the maximum width increased
significantly in the midbody and rostral body areas, but the rates
of increase did not ditfer significantly between genders.

Table 3 Means and standard deviations (S.D.) of the parameters for the corpus callosum measured over 57 male and 47 female children and adolescents

from age 4 to 18

Measurement Male Female
Mean S.D. Mean S.D.

Area 613.99 83.69 600.34 70.14
Perimeter 146.94 13.06 143.69 15.19
Compactness 13.36 1.27 13.37 1.27
Length 71.28 5.22 69.27 4.60
Median line length 73.47 6.54 71.84 7.59
Width 7.78 0.72 7.78 0.84
Thickness 8.35 0.80 8.35 0.88
Height 17.62 247 16.92 232
Slenderness 8.87 1.12 8.69 1.27
The distances are in mm and the areas are in mm?.
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Table 4 Regression analyses of the corpus callosum parameters of 104 (57 male and 47 female) healthy right-handed children and adolescents with age

from 4 to 18 years

Parameter Regression analysis ANOVA
Male Female Male vs. female
B-slope P-value B-slope P-value P-value comment

Area 11.15 < 0.001 12.11 <0.001 0.336

Perimeter 1.11 0.028 1.52 0.006 0.214

Compactness 0.15 0.003 0.13 0.009 0.884

Length 0.85 <0.001 0.49 0.003 0.029 male > female

Median line length 0.56 0.028 0.76 0.006 0.214

Width 0.07 0.014 0.09 0.006 0.888

Thickness 0.09 0.003 0.08 0.009 0.884

Height 0.14 0.149 0.25 0.003 0.111

Slenderness 0.03 0.490 0.01 0.913 0.473

ANOVA analyses compare the slopes of changes with age between males and females.

Except for the isthmus in females, median line lengths of the
regions significantly increased in the posterior and midbody
regions in both sexes (P < 0.001). Thickness, which gives an
average width measure less sensitive to random variation of the
boundaries, significantly increased in posterior regions in both
sexes and in midbody regions only in females. Slenderness did
not significantly change with age in any of the subregions.
Median line length, thickness and slenderness did not show
sexual dimorphism in any of the CC subregions.

4. DISCUSSION

The automated method presented here computes size and
shape parameters of the CC and its subregions from its tracing on
the midsagittal plane. The method improves on previous methods
which give only the midsagittal areas of the CC and its subre-
gions, and provides sensitive and reliable measurements to iden-
tify subtle shape variations of the CC in the developing brain.
The main advantage of the method is that the computation of
summations of distances to the ventral and dorsal boundaries of a
large number of regional sectors from a reference point produces
a multitude of parameters representing the complex shape of the
CC and its subregions. Other advantages include simplicity in
implementation, speed which allows application to a large data
set, and the absence of user-specific errors. Once the CC trace is
extracted from the midsagittal plane in a supervised manner, the
program automatically finds the regional divisions and associated
parameters of the CC. Since the method approximates a smooth
boundary along the periphery of the CC, the digitization and
partial volume effects are minimized in computation of the
parameters unlike pixel counting technique which follows step-
wise boundaries along the pixel edges.

The selection of the ACC and PCC points was crucial to our
method since the subsequent measurements were taken in refer-
ence to the midpoint of ACC-PCC line and the regional subdivi-
sions were based on ACC-PCC length. Moreover, the divisional
lines were vertically drawn from ACC-PCC line making stan-
dardization of the orientation, often neglected in previous studies
[10], of great importance. The present method iteratively oriented
the ACC-PCC line while verifying for the locations of the ACC
and PCC points. Witelson’s scheme of subdivisions of the CC

assumes that the functionally different cortical regions span from
anterior to posterior directions in the hemispheres. The sulcal and
gyral patterns which demarcate the cortical regions are not
exactly vertical and sometimes almost horizontal (e.g., temporal
regions). Some researchers prefer radial dividing lines or divi-
sions based on the median line of the CC with the presumption
that the fiber tracts span radially to the cortical region. Although
the present technique quantifies the subdivisions proposed by
Witelson [10], it can easily be extended to other schemes of
subdivisions since the sectors are based on radial lines and the
midline can be derived conveniently.

Comparison of our results with the pixel counting technique
revealed similar area estimates except for the rostrum. Our
technique may not be accurate in quantifying the rostrum since it
is relatively a small region and only a few sectors comprise the
whole rostrum. A large number of sectors may increase the
accuracy of the measurement, but may result in instability of
computations due to the digitization and noise effects at the
boundaries. One hundred sectors produced acceptable results with
our technique and was also the choice of Denenberg et al.
[54-56].

The size and shape of the CC depend on the number and the
size of callosal fibers and their packing density and myelination
patterns. Major changes of the CC take place approximately 2-3
months postnatally when the number of fibers across the CC
becomes maximal [67]. Subsequent morphological changes are
subtle and less regular and may not be due to the generation of
new fibers. Although Yakovlev and Lecours [68] indicated that
CC myelination levels reached the adult values by age 10, more
recent studies [12,15,44,45] show the callosal area to increase up
to the third decade of life. The present study signifies important
size and shape variations also taking place between ages 4 to 18,
mostly in splenium and isthmus of the CC, as our previous study
[48] found that the anterior regions had reached adult values by
age 5.

The median line length was preferred by some researches over
the ACC-PCC length to express the length of CC as the median
line compensates for the curling at genu and splenium. Although
there was no significant gender difference between the rates of
increase of the median line length, ACC-PCC line length in
males increased at a higher rate than that in females with age.
This difference of the CC growth in gender has not been previ-



Table 5 Regression analyses of regional parameters of the corpus callosa of 104 (57 male and 47 female) healthy right-handed children and adolescents
with ages 4 to 18. ANOVA analyses compare the rates of changes of the parameters with age between male and female populations

Region Parameters Male Female ANOVA
{-slope P-value B-slope P-value P-value Comment
Splenium area 593 < 0.00 4.72 < 0.001 0276 male > female
perimeter 0.73 < 0.001 0.68 < 0.001 0.516
compactness 0.24 < 0.001 0.16 < 0.001 0.362
distance to CG 0.36 < 0.001 0.19 0.004 0.014
width 0.18 < 0.001 0.12 < 0.001 0.427
maximum width 0.28 < 0.001 0.14 0.005 0.908
median line length 0.30 < 0.001 0.29 0.001 0.405
thickness 0.18 < 0.001 0.12 < 0.001 0.445
slenderness —0.01 0.502 0.00 0.833 0.789
Isthmus area 1.32 0.004 1.50 < 0.001 0.605 male > female
perimeter 0.28 0.138 0.64 < 0.001 0.770
compactness 0.08 < 0.001 0.06 0.004 0.485
distance to CG 0.17 0.006 0.15 0.017 0.015
width 0.09 < 0.001 0.06 0.010 0.805
maximum width 0.19 0.003 0.10 0.045 0.938
median line length 0.06 0.303 0.20 < 0.001 0.485
thickness 0.09 <0.001 0.06 0.011 0.774
slenderness -0.05 0.032 0.01 0.775 0.645
Posterior area 1.23 0.004 1.65 < 0.001 0.934 male > female
midbody perimeter 0.40 0.001 0.58 <0.001 0.560
compactness 0.05 0.056 0.06 0.029 0.555
distance to CG 0.10 0.268 0.06 0.016 0.078
width 0.03 0.282 0.06 0.016 0.679
maximum width 0.05 0.219 0.08 0.017 0.866
median line length 0.17 < 0.001 0.16 < 0.001 0.453
thickness 0.03 0.282 0.07 0.011 0.642
slenderness 0.01 0.469 0.00 0.797 0.345
Anterior area 1.04 0.013 1.54 < 0.001 0.238 male > female
midbody perimeter 0.39 0.001 0.51 < 0.001 0.328
compactness 0.03 0.144 0.05 0.010 0.235
distance to CG 0.12 0.149 0.14 0.065 0.034
width 0.01 0.563 0.06 0.016 0.371
maximum width 0.01 0.891 0.06 0.070 0.777
median line length 0.17 < 0.001 0.15 < 0.001 0.229
thickness 0.01 0.594 0.06 0.013 0.378
slenderness 0.03 0.039 0.00 0.946 0.845
Rostral body area 1.17 0.073 1.00 0.144 0.787 male > female
perimeter -0.01 0.959 0.33 0.172 0.413
compactness 0.07 0.004 0.03 0.290 0.777
distance to CG 0.23 0.003 0.15 0.049 0.020
width 0.05 0.033 0.03 0.298 0.513
maximum width 0.04 0.033 0.11 0.393 0.305
median line length 0.05 0.620 0.12 0.201 0.281
thickness 0.05 0.029 0.02 0.330 0.511
slenderness -0.04 0.176 0.00 0.853 0.216
Genu area -0.37 0.730 0.97 0.377 0.407
perimeter -0.40 0.128 0.22 0.454 0.888
compactness 0.04 0.494 0.04 0.403 0.260
distance to CG 0.37 < 0.001 0.22 0.010 0.117
width 0.03 0.496 0.04 0.370 0.298
maximum width 0.06 0.333 0.05 0.355 0.071
median line length -0.14 0.106 0.07 0.461 0.961
thickness 0.07 0.444 0.04 0.374 0.267
slenderness —0.03 0.198 0.00 0.893 0.406
Rostrum area 0.81 0.083 0.72 0.160 0.808
perimeter 0.10 0.597 0.21 0.355 0.530
compactness 0.12 0.013 0.62 0.184 0.420
distance to CG 0.29 < 0.001 0.15 0.033 0.480
width 0.11 0.122 0.06 0.218 0.354
maximum width 0.18 0.036 0.10 0.192 0.707
median line length 0.05 0.485 0.08 0.303 0.481
thickness 0.11 0.051 0.05 0.221 0.384

slenderness —0.03 0.150 —0.01 0.836 0.170
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ously reported in the literature. However, the sex differences in
growth of the CC length disappeared after adjustment for cerebral
volumes.

The perimeter supplements the area measurements while the
compactness and slenderness render the ‘form’ and ‘complexity’
of the boundaries of the region relative to their size. Our results
indicate that the CC boundaries become more regular and less
complex from age 4 to 18, particularly at the midbody and
posterior regions. Since the brain size is unchanged during this
age span [48], these shape variations do not depend on the brain
size. As it acquires more matured adult configuration, CC shape
may configure into a more regular and compact form. The
curvature of the CC, measured by the distances to the subregions
from the reference point, increased with age in the anterior and
posterior regions of the CC for the both sexes, with a higher rate
of increase with age in males. However, this gender effect in the
curvature growth is not preserved after adjustment for cerebral
size.

The width and thickness furnish information about the aver-
age size of a region lateral to the median line. The lateral growth
was also restricted to the posterior regions of the CC. The
maximum width, measured as the maximum radial length be-
tween ventral and dorsal boundaries, gives an idea of ‘bulbosity’
of the region. There was no sex differences in the maximum
width of the splenium in contrast to the reported sexual dimor-
phism in the bulbosity of the splenium [19,20] for an adult
sample. This may be due to the differences between the bulbosity
indexes used by others and the maximum width measure used in
this study, or the average age of subjects used in the studies.

In adults, sexual dimorphism in total CC area, splenium area
and bulbosity has been reported [18—20,22-28,24], although not
universally [10,14,17,21,69]. We failed to find sex differences for
our sample of children and adolescents after controlling for brain
size as recommended by others [70]. This suggests that the
gender differences in the CC reported elsewhere may be related
to the differences in the brain sizes between genders [45,63]. For
our 104 pediatric subjects, we found significant correlations
(r>0.3 and P <0.001) between the CC area and the areas of
the genu, midbody, and splenium with the cerebral volume.

In summary, the method presented here can be applied reli-
ably and accurately to determine the size and shape of the CC
and its subregions. The method was used to demonstrate the
different growth patterns and characteristics of shapes of different
CC regions from age 4 to 18 using a large sample. Although the
subjects used here were of ages beyond 4 years. the major
changes of myelination takes place before this age span and the
present method may be useful in the analysis of the CC of infants
and neonates. The type of shape parameters used here may
become valuable when measuring callosa of clinical populations
whose brain morphology has been distorted due to various patho-
logical conditions. The method will be used to compare the size
and shape measurements of the CC of patients with childhood
onset neuropsychiatric disorders.

Appendix A. Measurement of size and shape parame-
ters

Consider the region R and the sector PQSR shown in Fig. 4.
Let 6 be the angle subtended by the sector on the reference point

G, and G’ be the center of the gravity of the sector PQSR. r| and
r, are the average lengths from G to boundary curves PQ and
SR. The length GG’ is given by:
rytry

2

Assuming that PQ and SR are arcs from circles, the lengths
PQ and RS:

PO=r,-0and SR=r,- 0

With the same assumption, the areas GPQ, GRS, and PQSR
are given by:

GG =

1 1
GRP=—rl-9andGRS = —r; - 0
2 2

1
PQOSR =GRS — GPQ = E(rZ —r))(ratry)
For the region R, the parameters are calculated by averaging

or summing the parameters over all the segments that comprise
the region. If N is the number of sectors in region R:

1 1
area=Y POSR=Y —(ry+r) (ry—r) -6==0-5;
R R 2 2

perimeter =Y (PQ+SR) =3.(r,+1r,)-0=0-(5+5,)
R R

PO+ SR

median line length =y, 5

R
1 1
=52(r,~0+r2~0)=5~6-(S,+S2)
R

1y
2N

rytr, 1
distanceto CG = ave{ 5 } =§, SN ($,+5,)
maximum width = max{r, — r}

The other parameters can be evaluated using the above results
and their definitions:

area
compactness = ——————
perimeter
ared
thickness =

median line length

median line length

slenderness = -
thickness
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